Abstract. The die casting industry is under increasing pressure to improve production rates to enable greater productivity. Employing conformal cooling channels could potentially improve a die performance through the reduction of solidification times. The paper reviews simulated solidification results from a traditional cooling channel design and a conformal cooling channel design. The paper continues by describing the construction of bonded laminate insert with integrated cooling channels. Casting trials were conducted using the inserts to validate the simulated results. Work to date has demonstrated the ability to manufacture laminate inserts quickly, the accuracy of finite element analysis and the importance of designing conformal cooling channels.
Introduction
The cooling of mould tools is crucial to the performance of tooling, it affects both production rates and component quality (Xu 2001; Wayde 2000) . Various methods exist to produce tools; such as laser sintering, spray metal tooling (Halford 1999) , laser caving, wiba and keltool etc. However, laminate tooling could offer higher strength and toughness than the materials currently used in traditional layered manufacturing (Obikawa 1999) . Laminate tooling is a typical layer-by-layer manufacturing process requiring a 3D STL CAD file, which is sliced into layers. The sliced data is used to laser cut individual laminates from sheet tool steel, these are brazed together to form a die. The die surfaces are finished by either electrical discharge machining or high speed machining to remove the step effect created by layer manufacturing. The benefit of laminate tool manufacture is it allows a die to be constructed from die steel with integrated conformal cooling as appose to a solid H13 die where only straight cooling channels can be machined.
The rapid prototyping industry employs layer methods of manufacturing that allow virtually any geometry to be physically constructed (Dickens 1999) . Due to this versatility, engineers are able to design and build complex components with internal features such as conformal cooling channels. Conformal cooling is achieved by creating a cooling channel that follows the exact contours of the mould cavity. By having the cooling channels uniformly located around the cavity, the risk of hot spots is virtually eliminated since the die is uniformly cooled this has been reported to produce less stressed parts in injection moulding. The increased effect of conformal cooling also helps to reduce cycle times, which in turn results in increased production rates. Conformal cooling lines of high complexity can be created (Xu 2001) . Currently tooling is cooled through straight interconnecting channels. This traditional method is less than optimal because the passages can only be directed at right angles and cannot be optimally placed next to those strategic areas that need cooling. The result is a slower cycle time for the production of parts.
Software such as MAGMASOFT # now offer the die designer the ability to model tools and predict areas of concern and calculate mould fill times. The introduction of conformal cooling channels within tool design reduces the constraints/compromises made regarding cooling, as they can be placed exactly where required (Xu 2001) .
Aims and objectives
It is the intention of this research to explore the benefits conformal cooling may have on an aluminium (LM24) pressure die-casting cycle time.
The main objectives of this research were:
(1) To conduct a simulation to compare a traditional cooling design against a conformal cooling design.
(2) To validate the simulation results by conducting die casting trials.
This paper presents the results from the first part of this effort, which was to make a direct comparison between simulated solidification times of a traditionally cooled die insert and a conformally cooled die insert. MAGMASOFT 1 simulation software was employed for this task. The results are then verified by conducting casting solidification trials using traditionally and conformally cooled insets. The casting used for the case study, shown in figure 1 was chosen, as it is representative of a typical commercial aluminium pressure die cast tool that would be run at high production speeds. Dyson Ltd through Kemlows Diecasting Products Ltd supplied the tool.
Future research will consider different cooling channel geometry and the effect that complex die geometries have on cooling performance employing both simulation and insert manufacture to verify results.
Cold chamber die-casting
Pressure die-casting differs from gravity die-casting (Soar 2000) in that molten metal is forced into the die at high pressure and held under pressure during solidification improving the components dimensional accuracy and creating a finer grain structure (Soar 2000) . Pressure die-casting machines are capable of large clamping forces to maintain mould closure during the injection cycle. Die-casting machines that are used to cast engine blocks typically have a closing force on the die of 3000 tonnes (Soar 2000) . Figure 2 illustrates a cold chamber die casting machine. Metal is melted in a separate furnace and a measured amount of molten material is transported to the shot chamber of the machine. This is then forced into the die via a hydraulic plunger. The process can be used for many alloys such as, zinc, magnesium and aluminium. In addition, pressure can be controlled producing high quality castings. The cold chamber process has a longer cycle time to that of the hot chamber process as the melt has to be transferred from the furnace to the shot chamber (DeGarmo 1998).
Experimental methodology
Two tests were designed to evaluate the efficiency of traditional cooling and conformal cooling. The biscuit area was chosen as the focus of the research as it is typically more affected by wear, temperature, pressure and it is the last area to solidify. The biscuit is excess of ladled metal remaining in the shot sleeve of a cold chamber die casting machine. It is part of the cast shot and is removed from the die with the casting. It is the last area to solidify to ensure mould fill as the casting solidify. It was the intention to show that increasing the amount of cooling in the runner system could reduce solidification time and in turn, reduce the cycle time.
The initial stage was the design of the conformal cooling channel that followed the profile of the runner in the biscuit area. A 3D STL CAD model was created of the inserts as shown in figure 3 . The remainder of the tool inserts were then modelled shown in figure 4.
Conformal cooling design
The potential to decrease the cycle time is of great significance to the pressure die casting industry. A small reduction in the cycle time can significantly improve production rates.
STL CAD die insert files were created using Materialise Magics software and are shown in figure 3, one traditional cooled and the other conformal cooled. The diameters of the cooling lines in both were 10 mm. The conformal cooling channel design shown in figure 3 had a 'M' profile following the runner and biscuit area. By introducing a larger cooled area in the biscuit region (1 1 2 times larger) it was envisaged that the inserts cooling efficiency would increase due to the increased surface area of the cooling channel and water volume.
Magmasoft simulation
Simulation was used to determine if a difference in time to solidification could be determined between the two cooling designs. Analysis of the die was conducted using MAGMA-SOFT 1 software. The STL CAD files were combined to create two stl files, one with traditional cooling and the other with conformal cooling shown in figure 5. These were then imported into the MAGMASOFT 1 preprocessor.
Half the model was removed, as the die was symmetrical allowing a reduction in processing time, the model was then meshed. Die cycling temperature and water-cooling were simulated. Figure 6 shows 10 theoretical thermocouples that were positioned in the model, starting at the plunger tip spaced evenly through the insert, casting and cooling channel. The simulation was cycled 10 times to achieve 'near' steady state. The temperature of each thermocouple was recorded on the 11th cycle in a graphical format showing the time taken for the component to solidify. Approximately 8.5 temperature readings were recorded/thermocouple/second. Thermocouple 1 was located at the end of the plunger tip stroke, thermo- couple 2, 3, 4 were located in the biscuit area of the casting, thermocouple 5, 6, 7, 8 were located in the insert and thermocouple 9, 10 were located in the cooling channel.
Casting validation
The experiment was designed to achieve a burst biscuit. A burst biscuit is where a casting has had insufficient time to fully solidify shown in figure 7 . In pressure die casting the biscuit is situated at the start of the runner system shown in figure 8 and is usually the thickest part of a casting and hence the last area to solidify. By decreasing the solidification time it is possible to create what is called a 'burst biscuit' which is where molten metal in the centre of the biscuit forces its way through a skin of solidified material. By achieving a burst biscuit the minimum amount of time to solidification can be determined. The lower the solidification time the faster the cycle time and better the productivity, as shown in figure 9.
Laminate die insert manufacture
The STL CAD file of each insert was sliced in order to generate the 2D DXF CAD data. These contained the profiles that defined each cutting path of the laser, to produce the individual laminates. Using Delcam's Power-Shape 3D Package the STL CAD files were sliced with a layer thickness of 1 mm, the thickness of the steel sheet. This was a subroutine that enabled automatic slicing of the 3D tool and output individual 2D, DXF files and produced a total of 90 profiles.
The profiles were then transferred directly to a 1200 watt Photon Versa CO 2 continuous gas laser cutter where the H13 steel laminates were cut. The laminates were then grit blasted with a nickel alloy abrasive at 620 kPa to remove burrs, oxide layer and then degreased with isopropyl alcohol ((CH 3 ) 2 CHOH). The laminates were bonded using Amdry 936 supplied by Sulzer Metco in powder form (table 1). The laminates were placed and each joint coated with Amdry 936 in a purpose built fixture to prevent excessive movement during the brazing process. The nickel braze was used due to its high melting temperature and ease of machinability.
The inserts were brazed in a furnace with an inert Argon atmosphere. The furnace was purged with Argon at 100 kPa and 30 l/m flow for 20 minutes prior to the start of the brazing cycle shown in figure 10. The Argon was then reduced to 100 kPa and 20 l/m flow when the brazing process commenced. The first temperature hold at 150 o C for 15 minutes was to allow solvents or water in the braze and furnace to outgas. This helped to prevent porosity in the braze and allowed time for the atmosphere to replenish. The second hold at 540 o C for 15 minutes allowed organics in the braze sufficient time to become gaseous and to be pumped out and again time for the inert atmosphere to return. At 960 o C there was a stabilization hold for 10 minutes. The temperature was then held at 1010 o C for 1 hour to allow sufficient time for the alloy to melt and flow into the joint. The inserts were allowed to cool in the furnace below the solids temperature of the braze at approximately 960 o C at which point they were removed from the furnace and air quenched. Figure 11 shows the traditional insert after final machining of the exterior, runner. ejector holes, etc.
Casting procedure
The experiments involved a series of casting trials which were conducted at production speeds to maintain a representative die temperature.
The cooling channels were tested to ensure no leaks were present. This was achieved by simply blocking the outlet of the water channel, connecting the inlet to mains water (400 kPa) and checking for leaks.
The casting was conducted on a Frech 125 DAK SDV cold chamber die-casting machine that was modified to allow the solidification time to be adjusted below 3 seconds. This is not a standard procedure due to the danger involved with opening a die whilst aluminium is potentially molten. To safe guard against injury the area was sealed off and machine guards put in place.
The die casting machine was set up as previously shown in figure 9 . The cycle time was set at approximately 170 shots per hour (21 second cycle) with a solidification time of 3 seconds. The die was initially heated with a gas lance for 1 hour and then 150 shots cast to achieve the dies working temperature of 200-250 0 C. Thereafter, samples were taken every 10 shots and the cooling time for each shot recorded. After every 10 shots the cooling time was decreased by 0.1 of a seconds until there were signs of a biscuit burst shown in figure 7.
Results

Simulation results
Thermal images show the rate at which solidification occurs in figures 12 and 13. The conformally cooled thermal image shows the majority of the casting had solidified after 2 seconds and is similar to the This is confirmed when comparing the raw data from thermo couple points 2, 3 and 4 shown in figure  14 . Aluminium LM24 solidifies between 520 o C and 580 o C, which is where crystallization begins and ends, this is termed latent heat of fusion. Thermo couple 2 and 3 are located in the centre of the biscuit and solidification begins after 1 second and ends after approximately 8 seconds. For both the traditionally cooled and conformally cooled insert there is no significant difference between the solidification times. Thermocouple 4 is located at the edge of the runner near the die surface and is naturally is the first area to solidify, starting at 0.3 of a second and finishing at approximately 5 seconds. Figure 14 shows little difference between the traditionally cooled (TC) and conformally cooled (CC) insert solidification time.
Thermocouples 5, 6, 7 and 8 were situated in the insert and as one would expect the closer to the die surface the thermocouple was, the greater the temperature recorded. This can be see in figure 15 where When comparing the traditional and conformal thermocouple points it can be seen that the conformally cooled insert is typically 20 o C cooler than that of the traditionally cooled insert for each thermocouple location (figure 15, TC7 and CC7 for example).
Results from casting
The results from both the traditional and conformal cooled tool were the same. During the casting trials the components were visually examined for signs of a burst biscuit. In both the traditionally and conformally cooled inserts the solidification time could be reduced from 3 seconds down to 1 second. The lowest time before failure of the biscuit and casting occurred was 0.7 seconds. Failure was determined as a burst biscuit or the biscuit being semi-molten and separating from the runner/casting during ejection.
Discussion
The Magmasoft simulation shows the conformally cooled insert to be approximately 20 o C cooler than the traditionally cooled insert, shown in figure 15 . The simulation however, does not show an improved solidification time of the casting, shown in figure 14 . When comparing the two simulations there is little difference in the cooling performance of the channel designs.
This was verified by the casting trials, proving that the simulation is accurate at predicting solidification rates. It is clear that the design of a conformal cooling channel is crucial since both the simulation and physical casting experimentation showed no reduction in solidification time.
The casting trials showed that solidification must happen quicker than predicted by the simulation since the die could be opened at 1 second with no signs of a burst biscuit. At 0.7 seconds the biscuit failed and separated from the rest of the casting upon die opening. This is achievable as the outermost surface of the casting created a skin trapping the remaining semi molten aluminium inside which allowed the die to be opened whilst the centre of the biscuit was semi molten. However the simulation shows no evidence of this, predicting that it takes the runner and biscuit area 8-10 seconds to solidify, as shown in figures 12 and 13.
Although the conformal cooled channel had 1 1 2 times the surface area and volume it evidently was not enough to remove the heat. Both the simulation and casting trials showed no reduction in solidification time.
In hindsight it would have be practical to conduct the finite analysis prior to the manufacture of the insert and casting trials.
Conclusion
The results showed that the simulation was accurate at predicting no differences between the channel designs. This was verified by the casting trials. This proves that by simply increasing the length of a channel does not necessarily improve cooling performance in a aluminium pressure die casting tool.
The simulation and casting trials do differ in how solidification takes place in the biscuit area. This area is the last area to solidify, as you would expect. However, the casting trials showed the die could be opened after one second with no signs of a burst biscuit. The simulation begs to differ. It clearly shows the biscuit still solidifying after 8 seconds even at the edge of the runner. If this were the case the die would not have been able to open. The research has outlined the importance of conformal cooling geometry and placement, as conformal cooling did not reduce the solidification time in this case. This may be due to the shape, surface area, volume, flow rate and or location of the cooling channels being inadequate. Changing the shape and increasing the water/tool contact area should allow increased heat transfer from the tool to the water in the channel. Increasing the volume of the channel may allow greater heat dissipation in the water. Experimentation with flow rate, turbulent flow verses laminar flow and good placement of the channels may improve cooling performance.
The second stage of this research will be to conduct further finite element analysis with different conformal cooling channel designs to improve the cooling of the biscuit area. From this data the most efficient conformal cooling design will be manufactured and the simulated results validated by casting trials.
